Abstract: This article focuses on the development of a transparent and uniform understanding of possibilities for three-dimensional~3D! imaging in scanning transmission and confocal electron microscopes~STEMs and SCEMs!, with an emphasis on the annular dark-field STEM~ADF-STEM!, bright-field SCEM~BF-SCEM!, and ADF-SCEM configurations. The incoherent imaging approximation and a 3D linear imaging model for ADF-STEM are reviewed. A 3D phase contrast model for coherent-SCEM as well as a pictorial way to find boundaries of information transfer in reciprocal space are reviewed and applied to both BF-and ADF-SCEM to study their 3D point spread functions and contrast transfer functions~CTFs!. ADF-STEM is capable of detecting the depths of dopant atoms in amorphous materials but can fail for crystalline materials when channeling substantially modifies the electron propagation. For the imaging of extended~i.e., nonpointlike! features, ADF-STEM and BF-SCEM exhibit strong elongation artifacts due to the missing cone of information. ADF-SCEM shows an improvement over ADF-STEM/BF-SCEM due to its differential phase contrast eliminating slowly varying backgrounds, an effect that partially suppresses the elongation artifacts. However, the 3D CTF still has a cone of missing information that will result in some residual feature elongation as has been observed in A. Hashimoto et al., J Appl Phys 160~8!, 086101~2009!.
INTRODUCTION
Optical confocal microscopy can probe objects in three dimensions as nearly-perfect optical lenses, coupled with the use of fluorescent signals, that result in a depth resolution that is comparable to or better than the lateral resolution. Despite efforts to increase depth of penetration by multiharmonic generation, the resolution of optical microscopy is ultimately limited by the wavelength of visible light that is on the order of a few hundred nanometers. On the other hand, in a high-energy electron microscope commonly operated at 60-300 kV, the wavelength of a probing electron is only a few picometers, in principle enabling subatomic-resolution imaging. In contrast to confocal microscopy, however, the resolution of a conventional electron microscope is limited by unavoidable geometric aberrations of round magnetic lenses that require the numerical aperture to remain small, typically only a few milliradians~mrad! for uncorrected systems. With the recent successful implementation of aberration correctors, however, a two-to fourfold increase of the numerical aperture is possible, bringing scanning/transmission electron microscopy~S/ TEM! into the sub-Ångström regime~Haider et al., 1998a , 1998b Krivanek et al., 1999 Krivanek et al., , 2003 Krivanek et al., , 2008 Batson et al., 2002; Urban, 2008; Erni et al., 2009; Howie, 2009!. Following the improvement in the lateral resolution, depth resolution also increases as the probe-forming aperture is opened up. In an annular dark-field scanning transmission electron microscope~ADF-STEM!, the depth of focus~dz! of a convergent electron beam is inversely proportional to the square of the probe forming angle~dz ' 2 ϫ l/a max 2 , where l is the electron wavelength and a max is the probe forming semiangle!~Born & Wolf, 1999; Cosgriff et al., 2008; Intaraprasonk et al., 2008!. Consequently, in- creasing the numerical aperture not only translates to a linear improvement of the lateral resolution but also results in a quadratic improvement of depth resolution. Aberration correctors have reduced the depth of focus from ;60 nm Fig. 1a ! in an uncorrected STEM-larger than the thickness of a typical TEM sample-to ;6 nm in a corrected system~Fig. 1b!. This short depth of focus could potentially enable a three-dimensional~3D! reconstruction of the underlying sample from a depth sectioning series~van Benthem et al., 2005; Einspahr & Voyles, 2006; Intaraprasonk et al., 2008; Xin et al., 2008c; Behan et al., 2009; Xin & Muller, 2009!. In addition to STEM depth sectioning, there is also interest in the development of scanning confocal electron microscopes~SCEMs! in hopes of further improving the depth resolution~Frigo et al., 2002; Nellist et al., 2006 Nellist et al., , 2008a Nellist et al., , 2008b Cosgriff et al., 2008; D'Alfonso et al., 2008; Takeguchi et al., 2008; Hashimoto et al., 2009; Xin & Muller, 2009; Zaluzec et al., 2009!. A SCEM would use two lenses: one prespecimen lens focusing the electron beam onto the sample and a second postspecimen lens collecting the transmitted electrons forming an image of the perturbed "probe" on the back image plane. The key component in the confocal geometry is a pinhole that blocks the out-of-focus electrons in front of the detector~Fig. 2b!. The size of the pinhole controls the degree of the signal coherence. If it is much smaller than the magnified projection of the "probe" on the detector, the imaging process for elastically scattered electrons is coherent and phase information needs to be taken into account.~Here, we will refer to elastic bright-field SCEM as BF-SCEM.! In the opposite limit, where that the pinhole is enlarged to collect all scattered electrons and the collection aperture is larger than the probe-forming aperture, the signal forms an incoherent bright-field image that Interest in ADF-STEM depth sectioning and SCEM has grown in the past several years owing to a wide availability of commercial aberration-corrected S/TEMs and the potential impact of the method in exploring the 3D structures of nanoscale materials. Traditional tilt-series tomography requires hours to acquire a single series~Midgley & Weyland, 2003; Midgley & Dunin-Borkowski, 2009 ! and often days to align and reconstruct the 3D image. ADF-STEM depth sectioning and SCEM, however, allow through-focal series to be recorded in a few minutes with minimal postprocessing effort.~The dwell time for ADF-STEM is typically 8-32 ms per pixel. A 512 ϫ 512 ϫ 100 pixel dataset could be recorded in 4-14 min.! Unfortunately, there is an unexpected drawback to all of the current depth-sectioning methods. To provide a transparent understanding of 3D imaging using aberration-corrected electron microscopy, we organize the rest of the article as follows. In the first part, we review the incoherent imaging approximation for ADF-STEM and a simple 3D linear imaging model for depth sectioning. The difference between the depth sectioning of amorphous and crystalline material as well as the elongation artifact in the reconstruction of extended features are then reviewed. Then a 3D phase contrast model for coherent-SCEM is reviewed and applied to BF-SCEM and, for the first time, to ADF-SCEM to study their 3D point spread functions~PSFs! and contrast transfer functions~CTFs!. A pictorial way of constructing the boundaries of the 3D CTFs is borrowed from the optical community and applied to both BF-and ADF-SCEM.
RESULTS AND DISCUSSION

ADF-STEM
Incoherent Imaging Approximation
In an ADF-STEM, an annular detector centered on the optical axis is located in the diffraction plane of the postspecimen lens~Fig. 2a!. To form a laterally-incoherent image, constraints are placed on both the inner and outer angles of the detector. The detector inner angle needs to be about three times the convergence angle of the probe. However, the inner detector angle is typically set up to be larger than this~sometimes as much as four to five times the probeforming angle! to suppress diffraction contrast by rejecting almost all Bragg beams from the detector~Howie, 1979!. This mode is often referred to as high-angle ADF~HAADF! imaging. Depending on the application, the detector angles can readily be varied by changing the compression of the projection lenses. In low-angle ADF~LAADF!-STEM, a weaker compression is used to obtain a smaller inner detector angle of two to three times the convergence angle in order to emphasize de-channeling from strain fields at interfaces~Yu et al., 2004! or around point defects~Muller et al., 2004!. LAADF-STEM is also regularly used to improve the contrast and the signal-to-noise ratio~SNR! when imaging biological samples and amorphous materials.
To ensure sampling over a wide range of scattered electrons and to cover a large annular area, the physical diameter of the outer boundary of an ADF detector is normally designed to be three to five times the diameter of the inner hole. The ADF detector, being placed in a diffraction plane, spans a large area in reciprocal space. A large coverage in reciprocal space inversely translates to a small area in real space and a very short coherence length~l lateral coherence ' l/u!~Born & Wolf, 1999!. If the coherence length is reduced below the smallest spacing of interest in the image, incoherent imaging becomes possible. The incoherent condition is also termed as the local potential approximation because a large detector acts as a delta function that localizes the nonlocal potential so that only the intensity of the incident electron beam in thin samples matters~Muller & Silcox, 1995; Allen et al., 2003; Findlay et al., 2003; Dwyer et al., 2008!. The situation where samples are thick enough that the shape of the electron wavepacket is significantly altered is more complicated.! Alternatively, if a point detector is placed on the optical axis forming a BF-STEM geometry, the collection coherent length is infinite, and consequently coherent phase contrast dominates the acquired images.
3D Incoherent Linear Imaging Model
As an ADF-STEM image is formed incoherently, to a first approximation, it can be modeled by a simple convolution of the intensity profile of the probing electrons with the specimen's scattering potential. If the shape of the electron probe is not strongly altered by interactions with the sample, an ADF-STEM image can be simulated by using the intensity profile of the unperturbed incident beam as the PSF and convolving it with the specimen. This model is often referred to as an incoherent linear imaging model Black & Linfoot, 1957; Loane et al., 1988; Hillyard & Silcox, 1993; Kirkland, 1998; Xin et al., 2008c; Xin & Muller, 2009 !. In a traditional aberration-uncorrected ADF-STEM, the depth of focus is generally much larger than the thickness of 3D Imaging in Aberration-Corrected Electron Microscopes 447 the sample~Fig. 1a!; therefore, a two-dimensional convolution of the lateral profile of the PSF with the projected specimen function, neglecting variations in depth, is sufficient. However, using an aberration-corrected STEM, the vertical size of the probe is smaller than the thickness of a typical sample. As a consequence, a full 3D convolution is required as formulated in equation~1!:
where I~x, y, z! is the simulated ADF-STEM depth-sectioning reconstruction, s~x, y, z! is the scattering cross section of the sample, and C free-propagated is the unperturbed wave function of a convergent beam. Within the incoherent imaging approximation~or the local potential approximation!, the PSF is the intensity of the unperturbed wave function. It can be calculated by
where k 4 ϭ transverse wave vector perpendicular to the optical axis~k 4max ϭ a max /l with a max being the semiangle of the probe forming aperture! H~k 4 ! ϭ aperture function that is zero for k 4 Ͼ a max /l and one for k 4 Յ a max /l df ϭ defocus, and underfocus is defined as positive df x ϭ phase shift due to geometrical aberrations and defocus.
If only taking the spherical aberrations into account, the expression for x up to the seventh order is
where C 3 , C 5 , and C 7 are the third-, fifth-, and seventhorder spherical aberration coefficients, respectively. Equation~2! ignores the finite energy spread of the source that could lead to a chromatically-limited probe. The chromatic blur can be introduced by an integral over the chromaticdefocus spread,
! where PSF is the monochromatic point spread function given in equation~2! and d ϭ~DE/2 M 2 ln 2E 0 !C c , where
DE is the full-width at half-maximum of the energy spread of the source, E 0 is the acceleration voltage, and C c is the chromatic-aberration coefficient. The calculation here assumes that the chromatic defocus blur takes a Gaussian envelop. It can be replaced by the actual energy spread of the microscope as obtained from the zero-loss function measured by electron energy-loss spectroscopy~EELS!.
Depth Sectioning of Individual Atoms and Extended Features
The 3D linear imaging model in equation~2! can correctly predict ADF-STEM depth-sectioning images, provided the electron probe does not substantially change its shape in the sample. In a thin amorphous sample, this assumption holds very well. As shown in Figure 3 , the 3D linear imaging model predicts the same depth-sectioning profile of a hafnium atom embedded in amorphous silicon dioxidẽ a-SiO 2 ! as that obtained by multislice simulations~Kirk-land, 1998; Xin et al., 2008c!. However, in crystalline materials, electron channeling along atomic columns strongly alters the shape of an electron probe. Figure 4 shows the comparison of the intensity profile of an electron beam propagated in free space and down a silicon @110# column. The difference is dramatic as channeling conditions can alter the probe shape so strongly as to sometimes create a nodal point where one would expect it to reach its maximum, or vice versa.
As channeling can transform a maximum in the probe profile into a minimum or multiple maxima at incorrect locations~Voyles et al., 2003; Nellist et al., 2008b; Xin et al., 2008b Xin et al., , 2008c Lupini et al., 2009!, unexpected artifacts can be created when depth sectioning crystalline materials. This is demonstrated in Figure 5b , where the depth-sectioning profile of a single hafnium atom in crystalline silicon~c-Si! shows two maxima and neither one is located at the correct depth of the on-column hafnium atom. This artifact can be suppressed by tilting the crystal slightly away from the zone axis~Fig. 5c!. Alternatively, channeling artifacts can be eliminated by using hollow-cone illuminated STEM, which reduces coupling to on-column bound states~Cosgriff & Nellist, 2007; Xin et al., 2008a; Howie, 2009!. In amorphous materials, on the other hand, the short depth of focus allows individual dopant atoms to be reliably located as shown in Figure 3 . Depending on the SNR, the 448 Huolin L. Xin and David A. Muller precision in determining the depth of a dopant atom could be a fraction of the depth of focus. In practice, the precision is limited by radiation damage of the amorphous matrix. Individual dopant atoms tend to move rapidly under a high energy electron beam, especially while the beam is scanning Lupini et al., 2009!. Apart from locating single atoms, the possibility of reconstructing extended features~such as a nanoparticle, a stained biological tissue or a block copolymer network! is also of interest due to the speed with which a depthsectioning series can be acquired. The depth of focus of an aberration-corrected ADF-STEM is typically around 5-10 nm. In a depth-sectioning reconstruction, one would therefore naively expect an extended feature, such as a nanoparticle, to be its original size blurred out by a few nanometers. It turns out, however, that a 6-nm-diameter gold nanoparticle is 220 nm long in a depth-sectioning reconstruction, giving an elongation factor of ;35~Fig. 6!. Despite the fact that the PSF is only a few nanometers long in z, it has a substantial missing cone of information in reciprocal space. Figure 1c shows a cross section of the 3D CTF of the PSF in Figure 1b . The information transfer is bounded by two cones that have an opening angle identical to the probe-forming angle, which is only 1-28. Thus, performing an ADF-STEM depth sectioning is similar to performing conical tomography with a tilt range of only 61-28~6a max !, which gives an estimated elongation factor of M 3/2/a max~X in & Muller, 2009!.
SCEM-Based Techniques
The first demonstration of SCEM scanned the focused beam on the sample and de-scanned it after the postspeci- This work imaged thick microelectronics samples with low resolution; thus, moderate inaccuracies in the de-scanning was tolerable. The scan-descan system can be more difficult to implement for atomic resolution imaging in many of the current corrected instruments. Currently, this problem has been addressed by using a piezoelectric stage to scan the sample across to a static electron beam~N ellist et al., 2006; Takeguchi et al., 2008; Hashimoto et al., 2009!. A physical pinhole is not always used. The scattered beam can be captured on a charge-coupled device, and a digital pinhole can be applied during postprocessing of the data, albeit with a lower readout rate. Moreover, the detector can be replaced by a spectrometer to collect inelastically scattered electrons to form SCEM-EELS images~D'Alfonso et al., 2008!. This inelastic-confocal imaging mode could Figure 5 .~Color online! Two-dimensional depth profile of a hafnium atom in tilted crystalline silicon~c-Si! reconstructed from a through-focal series of 32 images simulated by the multislice method~300 keV, a max ϭ 23 mrad, C 3 ϭ Ϫ0.0778 mm, C 5 ϭ100 mm, ADF collection angle 75-250 mrad!.~a! A schematic of the atomic structure of Si @110# with a dopant atom;~b! a hafnium atom replaces a silicon atom in c-Si at z ϭ153 Å at zero degree tilt.~c! The sample has been tilted to 28 away from the @110# zone axis.~Panels b and c are reproduced from results published in Xin et al., 2008c .! In the following subsections, we will review and develop a mathematical and a pictorial understanding of the contrast formation mechanisms and the information transfer limit of different SCEM imaging modes. Throughout the following discussion, we will stay in a coherent imaging framework. As shown in Figure 7 and Cosgriff et al.~2008!, the difference between the simulated SCEM images with, and without, thermal diffuse scattering~TDS! are negligible in a thin sample.
BF-SCEM
In BF-SCEM with a point detector, the image formation process can be treated fully coherent; therefore, if multiple scattering is negligible, a through-focal reconstruction can be approximated by
where W~x, y, z! is the weak-scattering object function that carries both amplitude and phase scattering information of the sample; h 0~x , y, z! and h 1~x , y, z! are the complex PSF of the pre-and postspecimen lenses, respectively.~Interested readers can refer to Nellist et al., 2008a for a detailed mathematical derivation of this equation.! The complex PSF can be calculated as
where the notation is the same as that defined in equation~2!. The image formation process as formulated in equation~5! is almost identical to that of a high-resolution~HR!-TEM/BF-STEM, except that two complex PSFs are involved, in contrast to the one in HR-TEM/BF-STEM. In HR-TEM/ BF-STEM, only information that intersects the Ewald sphere can be transferred, while the remaining volume of reciprocal space is inaccessible, giving minimal information in 3D~Xin & Muller, 2009!.~The information transfer along the Ewald sphere is truncated either by the objective aperture or the instrumental information-transfer limit, whichever is smaller.! The sphere gets gradually blurred out as the illumination angle in TEM or the collection angle in BF-STEM increases, which improves depth sensitivity~Streibl, 1985!. However, in BF-SCEM, the extra lens increases the limits of information transfer to a space bounded by two parabolas Fig. 8b !. The boundary of information transfer is exactly the same as that of an ADF-STEM if the convergence and collection angles of a BF-SCEM are set to the probe-forming angle of the ADF-STEM. In addition to analytically deriving the Fourier transform of h pre~x , y, z! ϫ h post~Ϫ x,Ϫy,Ϫz! as in Xin and Muller~2009!, the space of information transfer in 3D can be identified by finding the overlapping regions of two arms of Ewald spheres rocking over the convergence and collection angles, respectively, as shown in Figure 8 Sheppard, 1986!. Figure 5a . Images with TDS were simulated using the frozen phonon model with 15 independent configurations. a! BF-SCEM~200 keV, C 3 ϭ 0.48 mm, a max ϭ b max ϭ 12 mrad!; b! ADF-SCEM~200 keV, C 3 ϭ 1 mm, a max ϭ 8.6, b min ϭ 13.8 mrad, b max ϭ 19.9 mrad!. As shown in Figure 8b , the 3D CTF of BF-SCEM has the same missing cone problem, and as a result the reconstruction is subjected to the same elongation problem as ADF-STEM. Considering the time needed to set up both probe and image correctors and the extra requirement of a piezoelectric stage, this is disappointing. However, the theory developed below can be readily applied to evaluate other coherent SCEM imaging modes, such as ADF-SCEM.
The object function in the weak phase approximation for a thin sample can be approximated by W~x, y, z! Ӎ e is e v~x, y, z! Ӎ 1 ϩ is e v~x, y, z!,~7! where s e ϭ 2pmel/h 2 is the interaction parameter and v~x, y, z! is the screened atomic potential~Kirkland, 1998!. Both of them are real numbers. Then, equation~5! can be expanded as
where 1 ࠘ h 0 h 1 ϭ~1/V !***h 0 h 1 d 3 r.~When carrying out this equation numerically, the average over the whole volume is not necessary because the mean on the x-y plane is independent of z.! Substituting it into equation~8! yields
where * denotes complex conjugate and V is the volume and Im~A! is the imaginary part of A. Therefore, the weakphase PSF is
If both illumination and collection lenses are aberration free and perfectly aligned, then the phase shift due to defocus exactly cancels giving a h 0 h 1 without imaginary component. In this case, h weak-phase is zero, and the higher order nonlinear terms in equation~9! become important as shown in Cosgriff et al.~2008!. However, in practice, no lens is aberration-free, and slight misalignment between the illumination and collection lens is unavoidable. In the aberration-free situation, as show in Figure 8d , a 1-nm on-axis misalignment introduces some phase contrast but with a nodal line through the center in the PSF. As a result, the higher-order nonlinear term dominates the BF-SCEM signal in this region, as shown in the multislice simulatioñ Fig. 9c !. Nevertheless, third-order spherical aberration leads to a stronger phase contrast without the presence of a nodal line~Fig. 9b!. The weak-phase PSF in this case agrees well with the multislice result. Therefore, in practical instruments where aberrations are not negligible, the weak-phase PSF can approximately predict what a light element would look like in BF-SCEM depth sectioning.
ADF-SCEM
Both theoretically and experimentally, the reconstruction of an extended object in BF-SCEM fails due to the large missing cone of information~Nellist et al., 2008b; Behan Figure 10a , claimed to demonstrate a substantially better depth-sectioning reconstruction than that from an ADF-STEM~Hashimoto et al., 2009!. Using an annular aperture to fully block the direct beam is similar to using a Zernike phase plate to improve the SNR and the contrast of a weak-phase object. Another consequence of blocking the direct beam is that no low-frequency information is transferred and hence the elongation artifact is reduced. Figure 10b shows the simulated weak-phase PSF of an ADF-SCEM described in Hashimoto et al.~2009!. The PSF is antisymmetric in the vertical direction giving a differential phase contrast~i.e., emphasizing the vertical derivative of the phase!. Even though this set of lens parameters is for an aberration-uncorrected SCEM, the depth of focus is around 10 nm, which is already comparable to that of a corrected ADF-STEM due to the large outer collection angle used. As shown in Figure 10c , the 3D CTF is bounded by four Ewald spheres~four white dashed parabolas!. There is intensity present above the b min parabola due to the rocking of the spheres in the third dimension. The 3D CTF is bounded by b max 2 /l in z, which translates to a depth resolution of 12.5 nm in agreement with the observation of the PSF. Even though the improvement in depth resolution is dramatic in comparison to BF-SCEM with the same illumination angle~dz Х 60 nm for a 200-kV BF-SCEM, a max ϭ b max ϭ 9 mrad!, the 3D CTF still has a wedge shape. This gives rise to a residual elongation artifact, which is also observed in the experimental results present in Hashimoto et al.~2009!. On the other hand, differential contrast eliminates the slowly varying background~no low-frequency information is transferred! leading to an apparent improvement over BF-SCEM as well as ADF-STEM in terms of the depth sectioning of extended features.
CONCLUSIONS
In this article, we discussed the 3D image formation mechanisms in ADF-STEM, BF-SCEM, and ADF-SCEM. We reviewed the incoherent imaging approximation for ADF-STEM and presented a simple 3D linear imaging model. This model is valid for the depth sectioning of thin amorphous samples; however, it breaks down when substantial channeling along zone axis crystals is present. Both BF-SCEM and ADF-STEM were shown to have substantial missing cones of information and, consequently, large elongation artifacts along the beam direction. The weak-phase contrast model of coherent-SCEM has been reviewed and applied to BF-SCEM and ADF-SCEM to study their 3D PSFs and CTFs. ADF-SCEM provides a differential phase contrast in the vertical dimension that reduces the slowly varying background. This leads an improvement over ADF-STEM for the 3D imaging of extended objects. However, the 3D CTF is still missing a wedge of information. Consequently, the vertical elongation of features is still present, although not as pronounced as in ADF-STEM.
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